Pump-probe techniques are used in conjunction with a tandem time-of-flight mass spectrometer to investigate the I* * *I-cage recombination dynamics following IF photodissociation in sizeselected 11 (CO,), cluster ions. The absorption recovery, which reflects the recombination and vibrational relaxation of the photodissociated IT, exhibits a strong cluster size dependence in the range of n= 13-15. Over this limited cluster size range, the absorption recovery time decreases from -40 ps (n<12) to -10 ps (n) 15). In addition, a recurrence is observed at ~2 ps in the absorption recovery of the larger clusters (II = 14-17). This feature results from coherent 1. * *Imotion following photodissociation. Measurement of the absorption recovery with both parallel and perpendicular pump-probe polarizations demonstrates that the pump and probe transition dipoles lie in the same direction. Analysis of the 1, transition dipole directions shows that the coherent motion takes place on the first two repulsive excited potential surfaces. The two-photon photofragment distribution reflects the solvent cage structure as a function of pump-probe delay time.
I. INTRODUCTION
Molecular clusters offer a unique environment in which to study the effects of increasing solvation on chemical systems.1-3 Many of these experiments have utilized laser based techniques both to elucidate "static" cluster properties, such as the geometryk7 and electronic structure,7-'3 as well as in the study of numerous photoinduced processes. '3-'9 In recent years, several groups have extended these techniques to the ultrafast regime in order to investigate cluster fragmentation,"20-22 the competition between fragmentation and ionization,23324 and photoinitiated chemical reactions. '825-33 Our efforts have focused on using both photofragmentation14"5 and ultrafast pump-probe techniques34'35 to investigate the X; (X=Br, I) photodissociation and cage recombination dynamics in size-selected XT ( C02) n clusters. In a recent communication35 we presented experimental results that demonstrated the existence of coherent I-*-I-motion taking place following the photodissociation of I; within the cluster. This observation provides a detailed picture of the 11 internuclear motion in the fnst few picoseconds after photodissociation. Contained in this paper is a more detailed account of this unique observation.
Coherent nuclear motion can be initiated by photoexcitation to a bound excited state by an ultrafast laser pulse, provided that the coherent spectral bandwidth of the laser pulse exceeds the excited state vibrational spacing. This photoexcitation prepares a coherent superposition of excited state vibrational eigenfunctions, i.e., a wave packet, initially localized at the ground state equilibrium geometry. The motion of this wave packet on the excited state potential surface, which corresponds classically to coherent vibrational motion of the photoexcited ensemble, can be followed using a second, delayed, ultrafast laser pulse. If the probe laser frequency is tuned such that the absorption of a probe photon can occur only from a restricted set of molecular geometries, then sharp peaks in the transient probe absorption may occur; the maxima correspond to the time(s) at which the wave packet passes through the narrow Franck-Condon region. These recurrences in the probe absorption furnish a detailed picture of the nuclear motion following photoexcitation. Wave packet motion has been observed in this manner in a number of diatomic molecules such as 12,36-39 IC1,40 NaI,4' and Na2.42 As the pump-probe delay increases, the recurrences disappear as a result of processes that act to destroy the nuclear phase coherence. In the gas phase, nuclear dephasing results primarily from anharmonicity in the potential energy surface, thus the coherent motion can persist for many vibrational periods. In I, (Ref. 37) and Na, (Ref. 42) , for example, the vibrational coherence lasts for more than 40 ps, corresponding to over 100 vibrational periods. In the condensed phase, collisions with the solvent dominate vibrational dephasing and significantly reduce the amount of time that phase-coherence can be maintained.
As a consequence of this rapid dephasing, there have been relatively few examples of phase-coherent motion in solvated environments. Scherer et ~1.~~ report multiple I2 vibrational recurrences that last for only a few picoseconds following photoexcitation of I, in n-hexane. In this system, the dephasing time is due predominantly to population loss via solvent induced predissociation. In addition, Vos et aL" have observed oscillations with periods as long as 2 ps in the transient probe absorption of bacterial reaction centers embedded in low temperature glycerol matrices (T < 100 K). These oscillations, which are attributed to coherent vibrational motion on an excited state surface, are only observed at low temperature. A third example is supplied by Ruhman and co-workers,45 who have observed several oscillations in the transient absorption of the 11 photofragment produced by the photodissociation of 1, in ethanol. The authors attribute these oscillations, which last for z 1 ps, to coherent IF vibrational motion in a low vibrational energy level of the ground electronic state. This coherence is similar to that observed in HgI following photodissociation of isolated IHgI.& In the examples discussed thus far the phase-coherent motion takes place only along a bound coordinate of the potential energy surface.
If the chromophore is excited to a dksociative potential, then the possibility exists for the wave packet to "reflect" off the solvent cage, resulting in coherent motion along the dissociation coordinate. This type of coherent motion differs markedly from that observed on bound potentials, for in this case the forces that arrest and reverse the motion of the photofragments arise entirely from the surrounding solvent. The experiments described here are a definitive example of this qualitatively different type of coherence.
The photoexcited I; (CO,) ,, system provides the means to investigate a number of dynamical processes, including the mechanisms that lead to the recombination of the dissociating I-*-I-(especially in partially solvated clusters), the electronic surface hopping from the repulsive excited state to the 1, ground state, and the energy transfer from the initially "hot" 1, to the CO2 solvent. Furthermore, the presence of the net charge introduces long-range electrostatic forces, whose importance has been demonstrated in the vibrational relaxation of both isolated47 and solvated48-" species. A comprehensive understanding of the caging dynamics must incorporate not only the presence of the ionic charge, but also the charge transfer process that occurs as the 11 passes between the localized I+I-charge distribution (present at large internuclear separations) and the delocalized, or molecular, 11 distribution. One consequence of this process is highlighted by molecular dynamics simulations on 1; ( C02) ,, clusters,52 which indicate that there is substantial enhancement of the IF relaxation rate coincident with this change in the ionic charge distribution.
In this paper, we report the results of time-resolved pump-probe experiments on 12 ( C02) n (n = 8-22) cluster ions. The primary experimental observations are as follows. (i) We observe a strong cluster size dependence in the absorption recovery for the cluster sizes in the range of n= 12-15. This abrupt change in absorption recovery behavior over such a small cluster size range suggests that the IF cage recombination dynamics are qualitatively different in the small (n<12) and large (n)15) size regimes. (ii) There is a "peak" at ~2 ps in the absorption recoveries of the larger clusters (n = 14-22), which is attributed to coherent I-* +I-vibrational motion following the photoexcitation of 1~ to a dissociutiue electronic state. (iii) We present pump-probe photofragmentation experiments which suggest that substantial "break up" of the solvent cage occurs in the first 4 ps following photodissociation. Together, these experiments provide insight into, not only the dynamics of the 1, solute, but the CO2 solvent as well.
The organization of this paper is as follows. In Sec. II we summarize the conclusions of previous investigations of 11 and 1, ( C02), cluster ions. A detailed description of the pump-probe experiment appears in Sec. III, and our results are presented and discussed in Sec. IV. Finally, we review our major findings and present prospects for future experiments in Sec. V.
II. PREVIOUS INVESTIGATIONS OF I,-AND l;(C02), CLUSTER IONS
In our earlier experiments on 11 (C02) n cluster ions we employed nanosecond and picosecond techniques to study the effects of stepwise solvation on the 1, cage recombination dynamics. Nanosecond photofragmentation experiments probedI "static" aspects of the 11 caging process, while time-resolved pump-probe techniques were used to investigate34"5 the 1, recombination and vibrational relaxation dynamics.
A. 1; electronic structure The 1, gas phase potential energy curves are displayed in Fig. 1 . These semiempirical potential curves were determined by Chen and Wentworth' based on matrix absorption spectra, dissociative electron attachment data, electron scattering, and self-consistent field (SCF ) calculations. The ground state potential is characterized by a fundamental vibrational frequency54 and bond dissociation energy54'55 of -115 cm-' and -1.1 eV, respectively. There is a large quantitative uncertainty in these potential curves, especially at internuclear separations significantly different than r=re.56 Nevertheless, they provide useful, qualitative information concerning the electronic structure of IF. The arrow labelled PpUmp in Fig. 1 indicates the 4 J 2111,1,2) -4 ,( '2: ) transition employed to photodissociate the 1, within the cluster. Photoexcitation of this transition at 720 nm (the wavelength used in these experiments) produces I and I-with a kinetic energy release of ~0.5 eV, Because of the extensive spin-orbit mixing that occurs inI;, these potential curves are labeled with the appropriate Hund's case (c) symmetry labels. Spin-orbit coupling in 1; alters both the magnitude and direction of the electronic transition dipole moments. As we will see later, the determination of the transition dipole directions in 11 plays a central role in assigning the probe transition at early pump-probe delay times. This point is addressed in more detail in Appendix B.
One concern in these experiments is the effect of CO2 solvation on the I; electronic structure, which can be addressed by comparing the isolated 11 and 1; ( COz), absorption spectra. The absorption spectrum for the $ J211s,tn) -f J2Zz) transition in isolated 11 is a broad bandI peaking at 750 nm. The I; ( COZ), cross sections at 720 nm (Ref. 14) do not depend strongly upon cluster size. From a purely pragmatic standpoint, this result indicates that the CO2 solvent evaporation does not obscure the IF dynamics in the absorption recovery as probed through this transition. Additional spectroscopic measurements are required, however, before the effect of solvation on the electronic structure of I; is understood in detail.
B. I;(CO,), photofragmentation experiments
Photodissociation of I; inside the cluster results in either the escape of an I atom, or solvent induced recombination of the dissociating I-*-I-. These two product channels lead to the formation of I--based (uncaged) and IF-based (caged) ionic photofragments, respectively. The I; recombination probability increases smoothly from 0 at 1; ( C02)s to unity when the first solvation shell is completed'* at 1; ( C02) i6; for n> 16 IF recombination occurs with 100% efficiency.
Photoexcited cluster ions cool by the evaporation of CO2 monomers from the cluster. The total number of CO, molecules ejected depends upon the amount of energy deposited into the cluster, the binding energy of the COZ to the cluster, and the kinetic energy of the departing monomers. Photofragmentation experiments on 11 (CO,), cluster ionsI indicate that each CO, monomer evaporated removes ~2250 meV of energy from the cluster. For caged photofragments all of the photon energy is available for CO, evaporation and as a result ~7 COz molecules are evaporated following the absorption of a 720 nm photon. For uncaged fragments the 11 bond dissociation energy is not available to the cluster, and only 3-4 CO2 molecules are lost.
The fact that I-* *I-recombination is always observed in the larger clusters suggests that the IF is embedded within the CO2 solvent cage. This is consistent with the 11 ( C02), cluster ion minimum energy structures determined by both molecular dynamics5 ' (MD) and Monte Carlo14 techniques. These simulations also indicate that the strong electrostatic interactions present in this system result in rigid geometries at internal temperatures below -100 K. Since the internal temperature of the 11 ( C02), clusters is estimated to be in the range of 20-60 K,14 they are best thought of as initially being "solid." 
C. I;(COP)n time-resolved experiments
Early pump-probe experiments34 (6 ps resolution) on 11 (C0219 and IF (CO,) 16 measured the absorption recovery time at 720 nm to be -10 ps for 12 (CO,) i6 and -30 ps for 11 (CO*) 9, indicating a strong cluster size dependence on the absorption recovery. Subsequent improvements in our experimental apparatus provide data which allow a more detailed analysis. In a recent communication3' we reported the observation of a "peak" at ~2 ps in the 720 nm absorption recoveries for clusters with n) 14, a feature that is attributed to coherent 1-e -I-"vibrational" motion following 11 photodissociation. In this paper we present the detailed arguments which lead to this conclusion. This work is complemented by the experiments of Barbara and co-worker?' who have recently performed pump-probe experiments on IF emersed in several polar solvents. Data obtained for 1; solvated in H,O, methanol, ethanol, and propanol also exhibit the rapid recovery (5-10 ps). In addition, the IF/ethanol transient data obtained with jlpump= 770 nm and jlprobe= 700-740 nm exhibit a "shelf" at -2 ps. It is nuclear whether this "shelf" results from the same dynamical process that gives rise to the "peak" in the 12 ( C02) n absorption recoveries or some other process.
III. EXPERIMENTAL
The 11 (COz), caging dynamics are investigated by coupling the cluster ion source and tandem time-of-flight (TOF) mass spectrometer used in our previous experiments with an ultrafast laser system. Since a detailed description of the cluster ion apparatus has appeared elsewhere,2*14>'5 only a brief description will be given here. A detailed description of the ultrafast laser system and pump-probe experimental procedure follows.
A schematic diagram of the cluster ion apparatus is shown in Fig. 2 . IF (CO*) ,, cluster ions are created in the source upon crossing a pulsed supersonic expansion of CO, ( -1% I,) with a 1 keV continous electron beam. As the unskimmed expansion drifts, cluster ion growth occurs via CO, condensation around the ion cores. Approximately 20 cm downstream from the nozzle orifice a pulsed electric field extracts the ions present in the expansion, without significant collisional excitation, into a tandem TOF mass spectrometer. At the spatial focus (SF1 ) of the first TOF mass spectrometer the ion sample is intersected with a pulsed laser. Adjustment of the time between the extraction pulse and the laser pulse provides for mass selective photoexcitation. A pulsed mass gate placed before the laser interaction region reduces the amount of noise on the particle detectors by deflecting all of the ions, except the one mass of interest, from the beam path. Approximately 10 ps after laser interaction, the parent ions, along with the ionic and neutral photodissociation products, enter a single field reflectron TOF mass analyzer. Adjustment of the electric field within the reflectron allows for the refocusing of either parent ions or photofragment ions at the second spatial focus (SF2) located at the microchannel plate (MCP) detector designated Dl. The front of the MCP detector is biased such that it provides the ions with an additional z 3 keV of kinetic energy prior to striking the, detector, thus increasing the MCP detection efficiency. At low bias voltages (1200 V) the MCP operates in an analog mode and can be used to measure the entire parent ion beam. If the bias voltage is increased to 2000 V, then the MCP can detect single ions, and thus can be used in a particle counting mode. When the ionic photofragments are refocused at Dl, the reflectron field is insufficient for the reversal of the parent ion trajectory. As a result, the parent ions, along with any neutral photodissociation products, traverse the reflectron and strike the particle multiplier designated D2.
A. Ultrafast laser system
A schematic diagram of the ultrafast laser system used in these experiments is shown in Fig. 3 . The 76 MHz output of a Quantronix 416 mode-locked Nd:YAG laser was frequency doubled in KTP producing laser pulses at 532 nm with a 70 ps pulsewidth. This 532 nm pulse train (15 nJ/pulse) was then used to synchronously pump a Coherent 702 dye laser whose output was cavity dumped at 3.8 MHz in order to obtain higher pulse energies. Wavelength selection was achieved with a two-plate birefringent filter. This two-jet laser, operated with pyridine 2 (LDS722) in the gain jet and a saturable absorber dye (DDI) in the PIG. 3. Schematic of the picosecond laser system. Picosecond laser pulses at 720 nm are generated using a synchronously pumped dye laser, and amplified to =: 1 mJ of energy and z-1 ps duration. Identical pump and probe pulses are created by splitting the 720 rmr pulse with a 50/50 beamsplitter. The two pulses traverse dierent paths to the mass spectrometer where they are intersected with the ion beam. An optical delay line sets the pulse timing and a half-wave plate allows the adjustment of the angle between the pump and probe polariz.ation vectors.
second jet, produced 720 nm laser pulses with an energy content of z 10 nJ. The temporal profile of the dye laser output was monitored continuously by directing the 10% reflection off the surface of a pellicle into an Inrad 5-14 quasi-real-time autocorrelator. The 720 nm laser pulse is characterized by an autocorrelation FWHM of z 1.5 ps and a spectral bandwidth of 17 cm-', implying that the temporal width of the laser pulse (-1 ps) is ~20% greater than the transform limit.
Amplification of the Coherent 702 dye laser output was accomplished using a Spectra Physics PDA pulsed dye amplifier pumped at 30 Hz with the second harmonic output (330 mJ/pulse) of a Quanta Ray GCR3 Q-switched Nd:YAG laser. Four amplification stages each using LD700 as its gain medium were employed; the first three were contained within the commercial PDA, and the fourth was added externally. The tlrst two cells were sidepumped, each receiving 8% of the initial pump beam energy, and the last two cells were end-pumped with 42% of the total pump beam energy. Amplified spontaneous emission (ASE) was minimized by spatial lilters placed after the first two amplification stages and a saturable filter (RG715) placed after the fourth stage. Typical amplified pulse energies were -1 mJ at 720 nm, with ASE levels limited to less than 0.5% of the total pulse energy.
Pump and probe pulses were generated by splitting the PDA output into two identical pulses using a 50% beamsplitter. The two beams traveled along different paths to the mass spectrometer where they were focused to a spot size of 5-7 mm diameter and crossed at an angle of ~5" at the laser interaction region. Adjustment of the pumpprobe delay was accomplished with the use of a computer controlled optical delay line. A micrometer gauge with -5 pm resolution was used to measure the distance traveled by the stage, and thus determines the pump-probe delay to within -15 fs. The optical delay line has a minimum step size of -50 fs. A half-wave plate placed in one beam al- lows the adjustment of the angle between the pump and probe polarization vectors. The temporal proflle of the amplified picosecond laser pulse was determined using a noncollinear autocorrelation technique. In this measurement, z 1% of the amplified pump and probe pulses were focused into a 1 mm thick KDP crystal cut at 48.33 and the intensity of the second harmonic light generated when the pump and probe pulses overlapped spatially and temporally inside the crystal was detected by a photomultiplier tube. The width of the laser pulse autocorrelation provides a direct measurement of the pump-probe instrument response time. A typical autocorrelation trace of the amplified picosecond laser pulse is shown in Fig. 4 (solid circles). The single points in the figure represent the second harmonic intensity obtained as a function of pump-probe delay time. The solid curve through the data points is the autocorrelation function for a laser pulse with a sech2 temporal profile. This autocorrelation has a full width at half maximum (FWHM) of 1.1 ps. Continuous monitoring of the amplified laser pulse autocorrelation is not possible with this experimental configuration. However, based on laser pulse autocorrelations obtained during the collection of this data, we limit the instrument response time to less than 1.25 ps FWHM.
For several of the measurements presented here, the output of the Coherent dye laser was compressed using standard pulse compression techniques.58-M) The dye laser output was coupled into a 40 cm long, 3.6 pm diameter, single-mode, polarization preserving optical fiber. The chirped pulses that emerged from the fiber were ~4.5 ps in duration, with a spectral bandwidth of ~280 cm-'. Compression of the chirped pulse, which was achieved by double passing the fiber output through a SF10 prism pair spaced 152 cm apart, yielded a nearly transform-limited laser pulse ~80 fs in duration with an energy content of ~6 nJ. The compressed pulse was amplified to -600 pJ/ pulse using the PDA described previously with two modifications. A telescope and optical isolator were inserted before the PDA to collimate the beam, and to prevent reflected light and backward traveling ASE from damaging the fiber, respectively. The autocorrelation of the amplified femtosecond laser pulse (open circles) is shown along with the picosecond autocorrelation in Fig. 4 . This autocorrelation has a FWHM of 280 fs, representing an improvement in the instrument response time by a factor of 4-5.
B. Description of pump-probe experiment
The manner in which this apparatus is used in a pumpprobe experiment is as follows. A size-selected IF (CO,), cluster ion absorbs a 720 nm photon from an ultrafast pump pulse, dissociating the 1, inside the cluster. Immediately following the photodissociation of IF, the cluster ion is transparent to 720 nm radiation. Only when the 11 has reached a region of the potential energy surface with an appreciable absorption cross section at 720 nm can the photoexcited cluster ion absorb a second photon from a probe pulse of the same color. The most obvious region where such a transition can take place corresponds to vibrationally relaxed IT. Absorption of two 720 mn photons results in a narrow fragment distribution at masses which correspond to the evaporation of as many as 12-13 CO2 molecules. Since the absorption of a single photon by the cluster results in the loss of only 7 CO2 molecules, the two-photon photofragments are easily separated from the one-photon photoproducts by the secondary mass analyzer. The absorption recovery is mapped out by measuring the total number of two-photon products generated as a function of delay between the pump and probe pulses. The fact that we observe the appearance of these two-photon product ions against a nearly zero background is essential to the success of this experiment, making it possible to perform experiments on mass-selected samples that contain only lo3 to lo4 ions.
Absorption recovery data for IF ( C02), , n = 8, 9, and 12-17 are displayed in Figs. 5 and 6. Near zero pumpprobe delay the probe absorption is weak. As the delay is increased the amount of probe absorption also increases, reaching an asymptotic limit at long pump-probe delay times. The symmetry in the absorption recovery about zero pump-probe delay is a consequence of the fact that the pump and probe pulses have the same wavelength, and that we detect the absorption of two photons via the appearance of photoproducts. This symmetry provides a basic test of the experimental apparatus.
The transient bleach created by the pump pulse is monitored by measuring the number of two-photon ionic photofragments generated as a function of pump-probe delay. To quantify the dependence of the two-photon ion yield on pump-probe delay time, we define the following two-photon cross section, a2h,,( At) : , (n=8, 9, 12, and 13) absorption recovery data obtained with 720 nm pump and probe pulses with parallel polarization. Since the pump and probe pulses are identical, these curves should be symmetric about zero ps delay. The smoothing algorithm used to remove high frequency noise from the data is described in the text.
laser pulse, respectively, and J is the total number of laser shots over which the cross section is averaged, for the experiments discussed here J=500. Included in G are a number of (presumed slowly varying) instrumental geometry factors, such as the laser-ion beam spatial overlap, the homogeneity of the laser beam profile, and the detection efficiencies of the particle multipliers. In this experiment the fluxes of the pump and probe beams are nearly identical, thus maximizing the two-photon product signal.
At long pump-probe delay times, where the twophoton signal is largest, the production of a single twophoton ion requires interaction of the pump and probe pulses with -50 000 parent ions: only one two-photon ion is produced for every five laser shots ( 103-lo4 parent ions per valve opening). In this low signal limit, rather than G(C02L "measuring" the two-photon cross section on every laser shot, it is better to sum the two-photon product signal and remaining normalization terms (with larger signals) over a large number of laser shots. Thus, we approximate the two-photon cross section in Eq.
( 1) as Z;FI n;*"( At) Nd At) u2hv(At) =: 2;zI NT"@; G=2;F, N;"@; G9 (2) where N2hY( At) is the total number of two-photon product ions observed during 500 laser shots at pump-probe delay At.
Shown in Fig. 7 is the two-photon photofragment mass spectrum observed after the sequential absorption of two 720 nm photons (At=40 ps) by 1~ ( C02) i6. This fragment distribution is obtained by adjusting the reflectron electric field to refocus the two-photon product ions at Dl. The two-photon products for 1~ (CO,) 16 arrive in four intense "peaks" spread out over ~5 ys. Each "peak" is actually a doublet consisting of an IF ( C02) n caged fragment and an I-(C&)n+3 uncaged fragment. The other cluster sizes exhibit product distributions that are qualitatively similar, but which occur within a different mass range. In the absorption recovery experiment, the two-photon product signal, N2h,,( At), is determined by counting the total number of ions that arrive within the four time windows indicated in Fig. 7 by brackets. The manner in which the two-photon signal is determined from experimental measurements depends on the magnitude and physical origin of several sources of "noise" counts in the two-photon product channel. Appendix A is presented for those readers who wish to know precisely the details surrounding the measurement of this two-photon cross section, including the nature and magnitude of various background corrections to the two-photon signal.
In principle, one could map out the absorption recovery by measuring 022h,,(At) at a number of different delay times. However, the presence of the geometrical factor, G, in Eqs. ( 1) and (21, which depends sensitively on a num-ber of experimental conditions that are not easily controlled, makes it difficult to obtain reproducible measurements of azn,,(At) over extended periods of time. It is possible, however, to make reproducible measurements by the repeated normalization of CQ,,( At) to the cross section obtained at a long delay time At,,, e.g., a,.JAt) = Oihv(At) aid be,) ' able to absorb a second 720 nm photon. As the pumpprobe delay is increased, more time is allowed for this ensemble to populate regions of the potential surface where a second 720 nm photon can be absorbed, resulting in the increase in probe absorption. The most obvious region where a second photon can be absorbed corresponds to vibrationally relaxed I,, and thus the simplest interpreta- (3) tion of the absorption recovery is that it reflects the relaxation of the photoexcited 1, ensemble to low vibrational levels of the ground electronic state. Earlier data have shown that at 40 ps the absorption recovery is essentially complete, and for the data presented here At, was set to this delay time. Since G varies slowly with time this normalization procedure provides reproducible measurements of a,i(At). By definition the cross section at 40 ps has a value of 1.0.
Two tlnal operations were performed on these data. Fit, the absorption recoveries for n = 15 and n = 16 were adjusted to take into account the two-photon ion signal that was not included in the four ion "peaks" monitored in the measurement of N2hY( At) (see Fig. 7 ). The required correction was estimated from the two-photon photofragment mass spectra obtained at a number of different pump-probe delay times. This correction corresponds to an approximately 10% modification in Q( At) for pumpprobe delays near 0 ps, decreasing to zero at ~5 ps. Corrections to the absorption recoveries of the other cluster ions were not necessary. Finally, the absorption recovery data obtained with the picosecond laser pulse were smoothed. Near zero delay the data points were separated by 0.5 ps, corresponding to & of our time resolution. Hence, in this region a three-point filter ( 1:2:1 weights) was employed. At long pump-probe delay times a fivepoint running average was used to remove high frequency noise from the absorption recovery. Unlike the picosecond data, the femtosecond data were not smoothed.
IV. RESULTS AND DISCUSSION
These experiments investigate the dynamics of both the 11 solute and CO2 solvent cage following the photodissociation of 1~ within an Ic( C02) n cluster. The 1~ absorption recovery discussed in Sec. IV A probes the recombination, vibrational relaxation, and rotational motion of the 11 chromophore following its photodissociation within the cluster. Section IV B addresses a complementary aspect of the cluster caging dynamics-the destruction of the solvent cage that occurs simultaneously with the 11 relaxation. The time dependence of this process is inferred from the evolution of the two-photon ionic photofragment distribution with pump-probe delay.
A. 1; dynamics-absorption recovery experiments
The absorption recoveries for 11 ( C02) ,, (n = 8, 9, and 12-17) clusters are shown in Figs. 5 and 6. In addition, we have obtained the absorption recovery for 11 (CO,),, and found it to be similar to those observed for n= 16 and 17. At short pump-probe delay times there is essentially no probe absorption due to the fact that immediately following photodissociation the photoexcited 11 ensemble is unPapanikolas ef a/.: I; photodissociation and recombination 8739 Several observations, however, indicate that the 1. * *Idynamics following photodissociation are much more complicated. First, a "peak" is observed at ~2 ps in the absorption recoveries of the larger clusters (n) 14). Its presence is an indication that the absorption recovery is not soZeZy due to the formation of vibrationally relaxed 11. Much of the discussion below focuses on the physical origin of this "peak." It is ultimately attributed to coherent I** .I-internuclear motion that is initiated on the f g(*&/*) excited state, survives an electronic surface hopping, and continues on the 5 ,J211g,s,z) excited state. Second, the absorption recovery can not be fit by a single exponential, indicating the presence of multiple time scales in the 11 relaxation process. Finally, the absorption recovery depends strongly on cluster size in the range n= 13-15. This pronounced cluster size dependence suggests that the 12 relaxation dynamics are qualitatively different in the small (n< 13) and large (n> 14) cluster size regimes.
The data shown in Figs. 5 and 6 were obtained with parallel pump and probe laser polarizations, and thus reflect 11 rotational motion as well as the I* * *I-motion on the internuclear potential surface. Photodissociation of the cluster ion ensemble with a plane polarized pump pulse results in an anisotropic distribution of the probe transition dipoles. As a consequence, the magnitude of the twophoton cross section depends on whether the ensemble is probed with light polarized parallel or perpendicular to that of the pump pulse. We can thus obtain two cross sections, oII (At) and al (At); the difference between them reflects the degree of anisotropy in the probe absorption. Several processes can lead to the decay of this anisotropy, including simple cluster rotation. In order to ascertain the relative contribution of the internuclear and rotational motions to the absorption recovery we have performed additional experiments with perpendicular pump-probe polarizations for n = 12, 14, and 16. Shown in Fig. 8 are olI (At) and al (At) for 11 (CO*) i6 and 11 ( C02) 12. At early pump-probe delay times there is a substantial anisotropy in the 11 (CO,) i6 probe absorption, which vanishes after approximately 15 ps. The decay of the probe anisotropy occurs on a timescale similar to that of the absorption recovery, signifying the presence of substantial orientational effects in cl1 (At) and al (At). The presence of the "bump" in both the parallel and perpendicular absorption recoveries indicates that it is nof an orientational effect. The decay in the probe absorption anisotropy for n= 12 and n= 14 is faster than that observed for n = 16. For 11 ( C02) 14 [a1 (At) is not shown], there is a significant anisotropy at early times G(CO2)lS which disappears within -6 ps. In contrast to 1, ( COZ) 16 and Ii-(c& 011 ( At), and al (At) for n = 12 show no detectable anisotropy at early pump-probe delay times. However, the small two-photon signal for At < 10 ps makes the definitive detection of any anisotropy for this cluster very difficult.
Each of these observations is discussed in detail in the following subsections. In Sec. IV A 1, the rotational and internuclear contributions to the 1, ( C02) 16 absorption recovery are separated by transforming cl1 (At) and o, (At) for this cluster into a "magic angle absorption recovery" and a "probe anisotropy decay"; the former reflecting only the 1.. *I-motion on the internuclear potential surface; the later reflecting the 1, rotational motion. The discussion of the 1.. .I-internuclear motion, contained in Sets. IV A 2 and IV A 3, is divided into the short time (At<3 ps) and the long time (At)3 ps) dynamics. The cluster size dependence of the absorption recovery is examined in Sec. IV A 4. Finally, the 12 rotational motion is addressed in Sec. IV A 5. 1. Separation of the internuclear and rotational contributions to the absorption recovery Orientational effects can be removed from the absorption recovery by measuring the two-photon cross sections with the angle between the pump and probe laser polarizations set to the magic angle ( 54. 71") .61d3 This absorption recovery is denoted bus and can be either measured directly or calculated from 011 (At) and al (At) : (4) The IF (CO,) 16 magic angle absorption recovery determined from oil (At) and a, (At) is displayed in Fig. 9 (a) . The presence of the "peak" in the magic angle configuration establishes that this feature is not an orientational effect. The physical origin of this feature is discussed in depth in Sec. IV A 2.
The degree of orientational anisotropy in the total probe absorption can be quantified by calculating an effective anisotropy parameter, r(At),61P64 defined in terms of oII (At) and al (At) as follows:
The aI'dSOtrOpy in the probe absorption for 11 (c02)16 [Fig. 9(b) ] is observed to exceed 0.3 at delay times less than 3 ps and decays smoothly to zero after approximately 15 ps. The value observed for r( At) depends not only on the degree of anisotropy present, but also on the relative orientation of the pump and probe transition dipoles with respect to the internuclear axis. If the pump and probe transition dipoles lie in the same direction, then the limiting value for r( At) is 0.4, whereas if they are perpendicular to each other then the limiting value is -0. 0.4 at delay times less than 3 ps, we conclude that at the time of the "bump" the pump and probe transition dipoles lie in the same direction. This is an essential piece of information used in the assignment of the probe absorption spectrum at early pump-probe delay times.
2. Coherent 1. -.I-motion: Internuclear dynamics in the first 3 ps
The "bump" at ~2 ps in the absorption recovery of the larger clusters (Fig. 6 ) is a particularly prominent feature of the transient data that has a number of possible origins. Its appearance at both positive and negative delay times eliminates a multitude of potential experimental artifacts. This feature, which occurs on a time scale close to the instrument response time, could arise from temporal structure in the picosecond laser pulse. To address this concern the 11 (COr) i6 absorption recovery was also obtained using the femtosecond laser system described earlier. This absorption recovery is shown in Fig. 10 , along with the picosecond data and the autocorrelation of the amplified femtosecond laser pulse. The presence of the "bump" in the femtosecond absorption recovery signifies that it is not a result of temporal structure in the laser pulse. In addition, the improved time resolution enables us to determine the width of the "bump" to be ~2 ps F?VHM. The question still remains, however, as to the physical origin of this feature.
The exact form of the absorption recovery reflects both the time-dependent relaxation of the 11 ensemble, and the location of those regions on the potential energy surface with an appreciable absorption cross section at 720 nm. The "peak" in the absorption recovery at ~2 ps implies the existence of an excited region on the potential surface where the absorption of a second 720 nm photon is possible, and at the same time rules out vibrationally relaxed IF as the chromophore responsible for the "bump." Thus, the absorption recovery must consist of (at least) two compoPapanikolas et a/.: I; photodissociation and recombination 8741 nents: a transient 720 nm absorption at early delay times (resulting in the "peak" at 2 ps) and an increasing probe absorption at longer delays. The long-time component, which is discussed in the following section, is attributed to the recombination and vibrational relaxation of IF. Our immediate interest is in the origin of the transient absorption observed at early delay times. This Franck-Condon region could manifest itself as a "peak" in the absorption recovery in one of several ways. For example, if 720 nm transitions could occur from a discrete band of ground state vibrational levels, possibly located near the 1, dissociation limit, then a transient increase in the probe absorption would occur as the 1, ensemble vibrationally relaxed through these states. As we will see later, however, the relevant transitions have transition dipole directions that are inconsistent with the pump-probe polarization data at early delay times. Instead the transient absorption at =: 2 ps is attributed to a fraction of the photoexcited ensemble undergoing coherent I* **Imotion through this excited Franck-Condon region. Knowing the location of this Franck-Condon region provides a detailed description of the I* * *I-internuclear motion in the first few picoseconds after photodissociation.
One possible reason for the successful observation of coherent 1. *aI-nuclear motion in the 11 (CO,), cluster ions stems from the strong electrostatic 1~ * * *CO2 forces that result in a large CO* binding energy ( -150 meV/ C02). Both MD (Ref. 57) and Monte Carlo (Ref. 14) calculations predict that at the temperatures reached in these experiments ( -40 K) the clusters are initially solid. A combination of the strong ion-neutral forces and low internal temperature results in an ensemble of cluster ions with a restricted set of initial geometries. The number of initial isomers is most likely reduced even further for the case of 1~ (CO*) i6, where the closing of the first solvation shell is observed to occur.14 These conditions explain why the 1.. *I-motion is able to maintain nuclear coherence during its first "vibrational" period following photodissociation. In addition, preliminary results from MD simulations on IF ( CO1) ,, cluster ions suggest52 that strong intermolecular forces give the first solvation shell some of the character of a soft "net" that can stretch in order to accommodate the dissociating motion of the massive I atoms. This property of the solvent cage is the main reason why the 2 ps recurrence time is longer than one would expect for dissociation in a more constrictive liquid environment.
a. Assignment of the probe absorption spectrum. In order to determine on which surface(s) this coherent motion takes place, one must assign the probe absorption spectrum at pump-probe delay times less than 3 ps. This task is hampered by the fact that little is known about the electronic structure of 12, and even less is known about that of 1, ( C02) ,, clusters. Identification of the probe transition based solely on energetic arguments applied to the 1~ potential surfaces is impossible due to the quantitative uncertainty in these curves. Instead, it must be based on factors that do not depend on the details of the 1, potential energy surfaces. Our approach is to consider all of the possible transitions, and eliminate those that are inconsistent with other experimental observations. The qualitative potential energy curves in Fig. 1 show the six 11 electronic states present in this manifold. In principle, the probe transition could occur between any two of these electronic states, provided that the transition is not symmetry forbidden. The only rigorous selection rule in isolated 11 arises from the inversion symmetry. Consideration of all six electronic states gives rise to eight symmetry-allowed transitions, including the pump transition. Of these eight transitions, the total probe absorption at 2 ps is ultimately assigned to have a substantial component of the f U(211U,3,2) -3 g(211g,3,2) transition. The detailed arguments that lead to this conclusion are as follows.
Four of the eight transitions terminate on either the f J22J) or f U(211U,1,2) excited states, which differ from the other electronic states in that they correlate with I-+ I*( 2P,,2) at large internuclear separations. As long as the I* retains its electronic excitation it will be unable to recombine with I-to form IF. Since I* stores z 1 eV of energy, its ejection from the cluster would lead to the evaporation of 4-5 fewer CO2 molecules. These two-photon ionic fragments would have masses, and flight times, that are similar to the more intense one-photon fragment ions, and as a consequence they would not affect the absorption recovery. On the other hand, if the I* is returned to the lower spin-orbit manifold through some subpicosecond radiationless process, then all of the photon energy will be available for CO2 evaporation. The collisional deactivation of I* by CO2 is extremely inefficient, requiring z lo6 collisions.65 This suggests that photoexcitation of 1~ to either the f J2zg+ 1 or f u(2&,1j2) excited state would result exclusively in the ejection of I* from the cluster. A fast radiationless process returning the I-* * *I* to the lower spinorbit manifold can not be completely ruled out. However, the large energy gap between the two spin-orbit manifolds should make any such process slow. Therefore, photoexcitation of the 11 to either the f J2Xi) or $ U(211U,1,2) excited state will most likely result in the escape of I* from the cluster. We conclude that the transient probe absorption does not involve transitions that terminate on either of these states.
Since transitions to the upper spin-orbit manifold are excluded, we focus on the transitions among the ground and three lowest excited states of I; shown in Fig. 11 . The solid arrows labeled Ppump, P, , P2, and P3 depict the symmetry allowed transitions between the four lowest electronic states. The removal of the inversion symmetry, as is the case for 12 embedded within a cluster, gives rise to additional (presumed weak) transitions. These transitions, which are indicated in Fig. 11 by dashed arrows, are designated P4 and P5. The polarization data provide an essential piece of information needed to determine which of these five transitions is responsible for the transient absorption at early pump-probe delay times.
Since r(At) for I; (Co2)i6 approaches its maximum possible value of 0.4 at short pump-probe delay times, the pump and probe transition dipoles at the time of the recurrence must lie in the same direction. In a Hund's case ~_1_ yYI!i-
P5s-I PIG. Il. Schematic energy diagram of the ground state and three lowest excited states of I;. The solid lines indicate the symmetry allowed transitions that can occur in isolated 11. If the inversion symmetry is broken then the dotted transitions could also occur. The direction of the transition dipole with respect to the internuclear axis is also indicated in parentheses. The P pump transition is anticipated to possess both parallel and perpendicular components; however, experimental evidence suggests that its parallel component is substantially larger than the perpendicular component (see Appendix B) .
(a) molecule the transition dipole is classified as either a pure parallel (AA =O) or a pure perpendicular (AA = f 1) transition. Because of the extensive spin-orbit mixing that takes place in IT, all of the fi = f states are admixtures of Z ( A=O) and II (A= 1) states, resulting in electronic transition dipoles that can have both parallel and perpendicular components. In a separate experiment described in Appendix B, we observed the pump transition dipole to be dominated by its parallel component. Therefore, the probe transition excited at early pump-probe delay times must also have a predominantly parallel transition dipole. We have analyzed the 11 electronic structure in the Hund's case (c) coupling limit in order to determine the presence of parallel and/or perpendicular components for the transitions displayed in Fig. 11 . Details of this analysis are outlined in Appendix B. Since we cannot determine a priori the relative magnitude of the parallel and perpendicular components, any transition that has a parallel component could in principle be responsible for the recurrence in the absorption recovery. As indicated in Fig. 11 , the P, , P3, P4, and PS transitions are all anticipated to be purely perpendicular transitions. The P2 transition, which is predicted to be purely parallel, is the only transition consistent with the polarization data at early pump-probe delay times. The location of the corresponding Franck-Condon region at 720 nm is suggested by the I; potential curves to be at an internuclear separation of ~3 A. At this distance it appears energetically possible for a 720 mu transition between the z.J211g,3,2) and 1 U(211U,s,2) excited states to occur. The location of this 720 nm Franck-Condon region is indicated in Fig. 1 by the arrow labeled P2. b. 1. * *I-Dynamics immediately following photodiksocia tion. Based upon the aforementioned analysis, the I* * *I-motion in the first 3-4 ps following photodissocia-tion can be described as follows. About 1 ps after photodissociation the separating I * * *I-motion is arrested by the solvent, leaving a substantial fraction of the photoexcited 11 ensemble on the i 8(2118,3,2) excited state at large internuclear separations, perhaps 5-6 A. This portion of the photoexcited ensemble moves toward smaller internuclear separations, reaching the Franck-Condon region on the i J2$3,2) excited state ~2 ps after photodissociation, at which lime an increase in the probe absorption occurs. The subsequent decrease in probe absorption between 2 and 3 ps results from the I** *I-leaving this Franck-Condon region.
Coherent nuclear motion, both in isolated and solvated environments, has been limited largely to motion on single, bound electronic potential energy surfaces. The 12 (CO,) n system differs in two respects. First, the nuclear coherence involves motion that occurs on two different potential surfaces. Second, both of these electronic states are dissociative, and as a consequence, the forces that arrest and reverse the dissociating I* * *I-motion must arise entirely from the CO2 solvent. Another possible example of coherent motion following photodissociation is provided by Nelson and co-workers.66 They report fluctuations in the transient absorption of Mn( CO), following photocleavage of the Mn-Mn bond in s( CO)Mn-Mn( CO), solvated in ethanol. Although the origin of these fluctuations is not entirely understood, one possibility is that they result from Mn-Mn "vibration" following photoexcitation to a dissociative potential.
I,-relaxation processes: Internuclear dynamics after 3 ps
The analysis of the IT ( C02) i6 absorption recovery in the previous section indicates that for a fraction of the photoexcited ensemble, the 1. *aI-dynamics in the first two picoseconds takes place on the lowest two excited states of 1~. Eventually the 11 must recombine on the ground electronic state and undergo vibrational relaxation.14 Whether the observed absorption recovery in the first 40 ps arises from 11 recombination and vibrational relaxation, or from the continued I** *I-motion on the lowest excited state, cannot be ascertained solely on the basis of the absorption recovery obtained at a single probe wavelength. Other experimental observations, however, can answer this question. Pump-probe photofragmentation experiments described later show that substantial "disintegration" of the solvent cage occurs in -4 ps. This process makes I atom escape more probable the longer the 1, remains on the repulsive i J 211,3,2) surface. Because 1. * .Irecombination is observed to occur in every 11 (CO,) i6 cluster that is photodissociated at 720 nm, it seems unlikely that 12 remains on this excited state for an extended period of time,67 implying that the absorption recovery between 3 and 40 ps reflects the recombination and vibrational relaxation of IF.
The exact form of the absorption recovery is determined not only by the time dependence of the 1~ relaxation, but also by the location of the 720 nm FranckCondon regions. If the only 720 nm Franck-Condon region on the ground electronic state is located near r,, then the absorption recovery at delay times greater than 3 ps will reflect solely the appearance of vibrationally relaxed IF. This would imply that 11 vibrational relaxation in 11 (CO,) i6 is nearly complete within 10 ps after photodissociation. In order to confirm this, however, one must show that the absorption spectrum of the photoexcited ensemble is time independent, requiring data at multiple probe wavelengths. While our data are limited to a single probe wavelength, Barbara and co-workers5' have conducted such experiments on 11 in a number of polar solvents. They demonstrate that 11 relaxation occurs in -5 ps in ethanol, a time scale that is comparable to that observed for 1, ( C02) 16.
Our results in combination with the I,/alcohol studies indicate that the rate for vibrational relaxation of solvated 1; is significantly faster than for I2 .68 This could be a result of both the net charge, which introduces long-range electrostatic interactions between the ion and the solvent, and the fact that the lower IF vibrational frequency provides a better match to the solvent phonon modes than does I,. Benjamin and Whitnell have used MD techniques to elucidate the relative importance of these properties in the vibrational relaxation of 11 solvated in water and ethanol. This study probes the 1, vibrational relaxation in the bottom half of the ground state potential well, where it is presumed that the excess electron charge is always equally distributed over both iodine atoms. These calculations indicate that the increased vibrational relaxation rate for 1~ is due to both the lower IF vibrational frequency and the presence of the ionic charge. In addition, MD simulations52 of 1~ ( C02) ,, clusters, which include the I + I--+ 1~ charge transfer, suggest that there is a substantial enhancement of the 1~ relaxation rate coincident with the passage of the 11 from the localized to the delocalized charge distribution. Figure 12 shows the 80% absorption recovery time plotted as a function of cluster ion size. Two different absorption recovery behaviors are observed with a distinct transition occurring between n = 12 and n = 15. The absorption recoveries for n = 8, 9, and 12 are nearly indistinguishable (Fig. 5) , suggesting that similar 1, recombination and vibrational relaxation dynamics occur in these clusters. For 12<n<15, the absorption recovery times are strongly dependent on cluster size, while similar absorption recovery times are observed for n = 15-22. The decrease in the absorption recovery times is accompanied by the emergence of the recurrence at ~2 ps. This sudden change in the absorption recovery behavior, which occurs for cluster sizes near the completion of the first solvation shell, suggests that the IF caging dynamics are qualitatively different in these two regimes.
Cluster size dependence
One possible explanation for this behavior is suggested by the MD simulations carried out by Amar and Perera.57'69 Their calculations indicate that in the smaller clusters (n=8-12) the photodissociated 11 is able to undergo large amplitude motion before recombination. As the I and I-separate, a CO2 molecule could fit between them forming a "solvent-separated" pair, which would delay IF recombination and destroy any 1. * *I-phase coherence. As more CO2 molecules are added to the solvent cage, the I -* -I-motion becomes increasingly restricted, forcing the 11 to remain a "contact pair." Much more information is required before any picture of this type can be confirmed.
1; rotational motion
Several processes can contribute to the decay of total probe absorption anisotropy. The most obvious is the reorientation of 1, between the absorption of the pump and probe photons," due to the photoexcitation of a rotating cluster. In addition to cluster rotation, dynamical processes arising after photoexcitation could also contribute to this decay. For example, if the forces exerted by the solvent on the dissociating iodine atoms do not lie along the 1~ bond, then an internal rotation of the 1, will occur, hastening the decay of the probe anisotropy. One might anticipate this process to be more important in the smaller clusters where the solvation shell is only partially filled. An anisotropy decay that is significantly faster than what could be accounted for by cluster rotation alone would indicate the presence of an additional decay mechanism such as the one just described.
In order to estimate the contribution of overall cluster rotation to the decay in the probe anisotropy, we have simulated r( At) for a rigid spherical top with a point transition dipole embedded in the center. The strong electrostatic interactions, and the relative sixes of the 11 and CO2 , suggest that the 11 is held rigidly within the solvent cage prior to its photodissociation. The rotational constant, B, of the sphere was chosen to approximate that of IF ( COa) i6; its value was estimated from minimum energy structures of Amar and Perera" to be ~0.0024 cm-'. The rotational temperature for these simulations was chosen to be 50 K. The result of this model, displayed in Fig. 9(b) as a solid line, shows that r( At) for the spherical top decays on a timescale similar to that observed for 1, (CO,) i6. This similarity in timescales indicates that the photoexcitation of a rotating cluster is a major contributor to the decay of the probe absorption anisotropy. Felker and Zewai161 have calculated similar curves for rigid symmetric tops and have shown that the decay time scales inversely with @ and @, thus depending only weakly on the (somewhat uncertain) values chosen for T and B. The general form of the observed and simulated decays are qualitatively different at late times. The r(At) calculated for the rigid top shows an anisotropy that grows in and persists at long pump-probe delay times, in contrast to the experiment which shows no detectable anisotropy after 15 ps. The absence of this long time anisotropy is not particularly surprising since the cluster has substantially disintegrated by the time (30 ps) this residual anisotropy might become visible.
The anisotropy in the probe absorption for n = 12 and n= 14 decays much faster than one would expect from overall cluster rotation alone. For 11 ( COz) i4 [ol (At) not shown] the anisotropy vanishes after -6 ps, which is signillcantly faster than the -15 ps decay time predicted by the rotational model. Furthermore, the parallel and perpendicular absorption recoveries for 1, (CO*) i2 [Fig. 8(b) ] show no detectable anisotropy at any delay time. However, weak probe absorption precludes a quantitative measurement of r( At) at delay times below 5 ps, and large errors in this quantity persist out to -10 ps, making the detection of any anisotropy difficult. Nevertheless, the polarization data for n = 12 and n = 14 imply the existence of an additional anisotropy decay mechanism for clusters with partially filled solvation shells (n < 16). Additional experiments and more sophisticated modeling of the dissociation dynamics is required before the origin of this additional decay mechanism can be determined.
B. Two-photon photofragmentation experiments
The pump-probe experiments described above focus on the relaxation of the 12 moiety. As the 1, relaxes, it transfers energy to the COz. solvent, ultimately leading to solvent cage "disintegration," which in this context refers to COz evaporation and/or structural changes resulting from cluster "melting." The experiments described in this section probe this disintegration, and thus provide a complementary view of the photodissociation dynamics.
To motivate how this is accomplished, first consider the sequential absorption of two photons by I,(C0,)i6 separated in time by 10 ps (the time between laser interaction and photofragment mass analysis). With this delay the caged photofragments are allowed sufficient time to cool evaporatively to an internal temperature similar to that of the parent ion before the absorption of the second photon. As a result, the known one-photon fragment distributions (see Table I in Ref. 14) can be used to predict the two-photon caging fraction. For example, the most probable one-photon photofragment ion resulting from the 720 nm photodissociation of 12 ( CO1) 16 is n =9, and the one-photon caging fraction for this photofragment cluster is ~50%. Therefore, one would expect the fraction of caged (IF based) products in the IF ( C02) 16 two-photon photofragment distribution to be =: 50%. This caging fraction reflects the degree of solvent cage "disintegration" that has occurred during this time.
The photofragment mass spectra resulting from the sequential absorption of two 720 nm photons by 1; (CO;?) ,6 at pump-probe delays of 3000, 40, and -1 ps are shown in Fig. 13 . Since the photoproducts are mass analyzed z 10 ~CLS after interaction with the pump and probe pulses, there is a sufficient amount of time for extensive CO, evaporation to occur. Thus, the most intense caged ionic photofragment corresponds to the evaporation of 13 CO, molecules from Ii ( COZ) 16, nearly double the number lost when a single photon is absorbed. The photofragment distributions at 3000 and 40 ps are qualitatively similar. The 1 ps mass spectrum shows a substantial reduction in the fraction of I--based (uncaged) photofragments.
Similar mass spectra have been obtained at a number of other delay times, and their caging fractions are displayed in Fig. 14 . The caging fraction is essentially constant at -60% for pump-probe delays between 3000 and 4 ps, and increases to -75% near zero delay. Between 0 and 4 ps there is a sharp peak in the caging fraction reaching 90% at z 1 ps. This peak occurs slightly earlier than the recurrence peak observed in the It (CO,) 16 absorption recovery (see Fig. 10 ). The increase in the caging fraction at short pump-probe delays is accompanied by a simultaneous shift in the photofragment distribution of z 1 CO2 monomer to higher mass (Fig. 13) . Because the photon energy is partitioned between the COZ binding energy and the kinetic energy of the ejected monomers, the evaporation of fewer CO2 molecules at early delay times indicates that a larger portion of the probe photon energy is partitioned into the kinetic energy of the departing CO2 molecules. The behavior for n = 14 and n = 15 is qualitatively similar to that of IF( COz) 16. The two-photon mass spectra for n = 12 also exhibit an increase in the caging fraction near zero delay, but the weak two-photon signals at short delay times prohibit a quantitative evaluation. At the simplest level, the mass spectra show that the caging fraction for At>4 ps is not significantly different from that calculated from the one-photon fragmentation data, suggesting that the breakup of the solvent cage by the first photon is complete within -4 ps. This conclusion requires no real modeling of the cluster dynamics. In order to determine whether the peak in the transient caging fraction data results from the P2 photoexcitation (see Fig. 1 ) to the + J 'II,& excited state at early delay times, coherent motion of the solvent cage, or some other dynamical process will require more sophisticated modeling of the cluster dynamics. In the discussion that follows we employ a simple model to look at the energy flow from the initially hot I; to the CO, solvent in the first four picoseconds.
Employing an analysis similar to that used to predict the two-photon fragment distribution at 10 ps for 1, (CO,) 16 we can construct a picture of the effective solvent cage size following 1~ photodissociation. For example, the observed two-photon caging fraction for n = 16 at 2 ps is ~80-85 %. The one-photon caging fractions suggest that at this time the solvent cage resembles that of n= 13-14, implying that 2-3 CO2 monomers have effectively departed the cluster. This number increases to -4-5 COZ molecules at 4 ps, and 5-6 by 3000 ps.
Using this model the number of COz molecules ejected from the cluster can be used to determine the amount of the photon energy that remains at a given time after 1, photoexcitation by the pump pulse. This energy is partitioned between the 11 and the solvent cage and, hence, represents only an upper limit to the amount of energy localized in the IT. Since the evaporation of each CO? monomer removes on average ~250 meV of energy from the cluster, the loss of 2-3 CO1 molecules in the first 2 ps following 11 photodissociation indicates that z 1.2 eV of energy remains. At this delay time it is likely that much of this remaining energy is localized in the I,. This places the I; at the time of the recurrence (2 ps) in a band of energies near its dissociation limit, an observation which is consistent with the P2 probe transition assignment and the proposed Franck-Condon region on the 4 s(211k3,2) excited state.
TABLE I. Representative two-photon signal levels observed under our typical operating conditions. These signal levels are based upon actual 1, (CO*) i6 data, but for clarity they do not contain the shot noise inherent in any single measurement. They are representative of the interaction of the 0.5 cm2 pump and probe pulses ( -500 d/pulse) with -2X lo6 12 (COs) i6 ions, the total number of parent ions produced by 500 valve pulses. The signals are essentially the same for both the 1.25 ps and 280 fs pulse durations. The pump-probe delay for the on/on configuration was 40 ps, corresponding to the maximum two-photon signal.
V. CONCLUSIONS We have carried out pump-probe experiments on sizeselected IF (CO,) ,, cluster ions at 720 run. In these experiments the IF is photodissociated within the cluster with a 720 nm ultrafast pump pulse. The recovery of the 720 mn absorption is then probed with a second laser pulse of the same color. A "peak" is observed at ~2 ps in the absorption recovery of the larger cluster ions, n = 14-17. Absorption recovery curves obtained with both parallel and perpendicular pump-probe polarization allow us to determine the I* * *I-internuclear motion free of orientational effects. This analysis indicates that this feature is not the result of cluster rotational motion; it is instead attributed to coherent I* * *I-nuclear motion occurring on an excited region of the 1, potential surface. The pump-probe polarization data, together with the observation of a parallel transition dipole for the pump transition, indicate that the probe transition also has a substantial parallel component. Of the possible probe transitions considered, only the f J2K,3,2) + 2 Z B( 2II9,s,2) transition possesses a parallel transition dipole. The potential curves suggest that the 720 nm Franck-Condon region is located on the f s(211~,3,2) excited state at an internuclear separation of -3 A. In addition, the disintegration of the CO2 solvent cage following 1, photodissociation is inferred from the evolution of the two-photon photofragment distribution with pumpprobe delay time. These experiments suggest that substantial CO, evaporation occurs in the first 5 ps following photodissociation. ferent heavy atom losses and will certainly add to our knowledge of cage recombination dynamics in cluster environments.
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There is a pronounced dependence of the absorption recovery on cluster ion size. The clusters with n = 8, 9, and 12 have indistinguishable absorption recoveries which require ~30 ps to reach 80% of their asymptotic value. The larger cluster ions (n= 15-22) exhibit faster absorption recoveries, obtaining 80% of the asymptotic value in 8-10 ps. The cluster size range between n= 12 and it = 15 corresponds to the transition region in which the recurrence emerges. This change in the absorption recovery behavior suggests that the 1, recombination and vibrational relaxation dynamics are qualitatively different in these two size regimes.
where N ,,(Ar) is the number of two-photon ions generated by the interaction of the pump and probe beams with the ion sample, and Nb is the number of "two-photon background" ions. Nb is composed of those ions arriving at Dl at times corresponding to the masses of the two-photon product ions, but which do nor result from the sequential absorption of one photon from the pump pulse and one photon from the probe pulse. Whereas experimental measurement of N On/O,,( At) is straightforward, the background measurement requires further consideration.
Future experiments will use two-color pump-probe techniques to probe other regions of the potential surface and establish the timescale required for vibrational relaxation. Cluster ions with heteronuclear chromophores, such as ICl-( C02) ,, or IBr-( C02) ,, provide possibilities of difShown in Table I are the representative count rates (total number of ions per 500 laser shots) observed for the four different pump/probe laser combinations (on/on, on/ off, off/on, and off/off) in the presence and absence of the ion beam. These count rates have been chosen for illustrative purposes to be free of the shot noise inherent in any real measurement. In the absence of precursor ions no ion counts are observed. Thus, we need consider only the ion counts generated by the interaction of the parent ions with the various pump/probe laser combinations. The designations %dmW)t Nodoff, No~lon, and No~lof, cor=spond to the interaction of the 0.5 cm2 pump and/or probe beams (-500 d/pulse) with -2 x lo6 precursors, the total number of I; (CO,) 16 parent ions produced by 500 valve pulses. They are the same for both the 280 fs and 1 ps laser pulse durations. The "on/on" signal presented in Table I is that observed at At=40 ps, a delay time corresponding to the maximum two-photon signal. At shorter pump-probe delay times Nodo, is substantially smaller and, hence, the correct determination of Nb at these delay times is much more critical. The count rates in Table I indicate that (i) the largest contribution to Nb corresponds to the signal that arises directly from our ion beam with both lasers gated "off' ( Noff/off , ) and (ii) the presence of a weak laser induced background.
N6 is defined in terms of the experimental measure- The quantity F is the number of two-photon ions produced by a single laser pulse, and k is a parameter that ranges from 2 to 4, depending on the source of this laser induced background. In order to choose the correct value for k in Eq. (A2), we must first determine the source of the laser induced background. The possible sources can be broken into three categories:
(1) Single photon absorption followed by extensive fragmentation, or vice versa where ASE denotes amplified spontaneous emission. Since each category corresponds to a different value for k, it is necessary that the relative importance of these processes be determined. The discussion that follows shows that the origin of the laser induced background in this experiment is process ( 1) and, hence, k=2. If the direct absorption of two photons, process (2), were important, then one would expect substantially more two-photon products to be produced by a 1 ps pulse then by a 6 ns pulse, provided that the two pulses have the same energy. This is not observed. The interaction of 12 (CO,) 16 with a 6 ns laser pulse generates in excess of 200 twophoton product ions in 500 laser pulses, whereas the twophoton ion yield produced by a 1 ps laser pulse is smaller by almost 2 orders of magnitude (I '-5-10) . In addition, no increase in I' is observed upon decreasing the pulsewidth from 1 ps to 280 fs. These observations indicate that direct two-photon absorption does not contribute significantly to the laser induced background.
Sequential two-photon absorption from within a single laser pulse is classified according to whether the photons are absorbed from the picosecond portion of the pulse or the broad ASE background. The most likely contribution involving ASE arises from the absorption of one photon from the picosecond portion of the pulse and one photon from the ASE background, process 3 (a). Since the ASE is limited to less than 0.5% of the total pulse energy, the number of two-photon ions generated in this manner should be no more than 1 ion count per 500 laser pulses. This suggests that the laser induced background does not arise from sequential two-photon absorption involving ASE. The sequential absorption of two photons from the ultrafast portion of the laser pulse, process 3 (b), is also possible. The number of two-photon products produced in this manner depends upon the I; absorption recovery time in comparison to the laser pulse duration, increasing for longer pulse width. The fact that I' does not depend upon whether a 1 ps or 280 fs laser pulse is used indicates that this process is not an important contributor to the laser induced background.
Based on the previous discussion, we anticipate that the most important process contributing to the laser induced background is single photon absorption coupled with extensive fragmentation [process ( 1 )], perhaps as the result of collisions of the parent ion with background gas or ion-optic apertures. Under these circumstances, the correct form of Eq. (A2) is obtained with k=2. The validity of this definition for Nb is further established by the fact that, as expected, N2,J At = 0) =: 0.
Since the two-photon ions have well defined arrival times at Dl, one can reject the single ions that strike the detector during the time between the ion "peaks" by individually gating around the four most intense doublets in the mass spectrum. This gating reduces Nb by a factor of 2-3, resulting in a signal to noise ratio of ~5-10 at long pump-probe delay times. The time windows used to obtain the two-photon ion signal in the 12 (CO,) 16 absorption recovery experiments are indicated in Fig. 7 by brackets.
Measurement of this two-photon product signal was accomplished by operating the MCP detector in a particle counting mode with the output going to a 300 MHz discriminator and gated counter. The pulse pair resolution of this system is ~5 ns and is limited by the pulsewidth of the single ion peaks produced by the MCP detector. Under our experimental conditions N2,,,,(Ar) was observed to scale quadratically with the laser power, and linearly with the number of parent ions.
b. Parent ion signal
When the reflectron is adjusted to reflect the twophoton products onto Dl, both the one-photon ions and unphotodissociated parent ions have enough energy to traverse the reflectron and strike D2. Since the number of one-photon ions is notably smaller than the number of parent ions, the ion signal measured on D2 is essentially that of the parent ions. The parent ion signal, NYU, was measured on D2 concurrently with the detection of the two-photon product ions on D 1. The particle multiplier D2 was observed to have linear response to the number of ions impinging on the detector.
states. Consequently, the transition dipole moment in a case (c) molecule need not lie along a molecular symmetry axis. Here we express the case (c) states as a linear combination of case (a) basis states. The transition moment integral, ( $f I c1 I $i) 9 is then examined for each transition. These integrals typically contain several "case (a)" terms; the nonzero terms are then classified as contributing to either the parallel ( AA=O) or perpendicular (AA= f 1) component of the total transition dipole.
c. Laser power Spin-orbit coupling mixes the case (a) electronic states with the same inversion symmetry and the same total angular momentum a." If only the six 1~ electronic states in this manifold are considered, then we can express the relevant case (c) electronic states in terms of the case (a) states as Measurement of the laser flux @i was accomplished by monitoring a fraction of the amplified picosecond pulse transmitted through a mirror on a photodiode. A teflon sheet was used to homogenize, as well as attenuate the beam. A second lens collected the light and focused it onto a photodiode. This arrangement provided a linear photodiode response with input laser power. The data collection algorithm used in this experiment is structured around the measurement of two quantities, the two-photon background, Nb, and the two-photon cross section, azhy(Ar). First NodoE, N,,,r,0n, and NOs,,,s, were measured, and from these Nb was calculated as outlined earlier. The second step involved nine measurements of N on/on ( At) and corresponding normalization factors (ZNf%$) for Ar=Ar,,,, Ar,,...,Ar,, At,,,. The twophoton cross sections, oZ,J At), were calculated for each of the nine N on/on( At) values, using Nb determined in the first step and the nine normalization factors. The oZih,,(Ar,,f) values at the beginning and end of the delay "set" were used to judge the quality of the data. If the percent change in the cross sections measured at At,,, exceeded 25%, then those data were discarded. If N,,,(Ar) was significantly greater than Nb, as is observed at long delay times, then the second step was repeated several times before the twophoton background was measured again. On the other hand, near zero delay, where Non/,,* zNb, a more frequent two-photon background measurement is required. At these delay times, the first and second steps were alternated, providing a more frequent background measurement. At long delay times 10-15 % of the data collection time was devoted to the measurement of Nb, while near zero delay the fraction of time spent measuring Nb was increased to 30-40 %.
All of the n=f states are admixtures of Z and I1 states. 'r-he 2Q~~2 and 2k,~~2 case (a) states do not spin-orbit mix with any other states in this manifold, and thus remain pure II states. The coefficients, a,, a2, bt , and b2 are functions of the spin-orbit matrix elements, (lcti I I?" j qj), and thus depend on the 11 internuclear separation. The direction of the electronic transition dipoles is determined by examining its transition moment integral. Since the first two terms correspond to perpendicular case (a) transitions, and the last two correspond to parallel case (a) transitions, it is evident that this transition dipole will possess both parallel and perpendicular components. Because we have no knowledge of the electronic wave functions, we cannot determine a priori the relative magnitude of the parallel and perpendicular components.
APPENDIX B: TRANSITION DIPOLE DIRECTIONS IN I<
If 11 were a Hund's case (a) diatomic molecule then the photoexcitation between two electronic states would be classified as either a pure parallel (AA =0) or a pure perpendicular (AA= f 1) transition. However, in a case (c) molecule A is not a good quantum number due to the extensive spin-orbit mixing of the case (a) electronic We can, however, determine experimentally72 the direction of this transition dipole. Photodissociation of the 1, molecular ion with 720 nm light polarized parallel to the ion beam results in two distinct I atom arrival times at D2. The observation of this doublet signifies that the photofragments are ejected along the polarization vector of the laser, indicating that the 4 8(2118,1,2) -4 U(2X,+) transition dipole lies predominately parallel to the internuclear axis. (The doublet disappears if the I; is photodissociated with light polarized perpendicular to the ion beam.) The dou-blet splitting, which is related to the I* * *I-kinetic energy release, qualitatively confirms the -1.1 eV I; bond dissociation energy. The observation of a large parallel component for this transition is not surprising, given the presence of the ('2,' 1~ 1 22,'> term in the above equation. This term corresponds to the contribution from the strong chargetransfer transition, and is responsible for both the large absorption cross section and the parallel transition dipole observed for this transition. This result is consistent with the spectroscopic measurements of 11 embedded in a KI matrix performed by Delbecq er al.73
Probe transitions
All of the possible probe transitions are analyzed in a similar manner. The PI transition moment integral contains two terms: (Q2&,3,2) IPI; ut2Z)) =c1(2~g,3/21P12~ u,1/2~+~~~2~g,3/21~12~u+~.
The (211g,3,2~~(L211,,1,2) term in expression (B3) is zero due to the fact that it corresponds to a forbidden case (a) transition. The remaining Z -II term makes it a pure perpendicular transition. Similar arguments establish that P3 is also a perpendicular transition. Because the 4 8( 'rIs3/2) and i a(2rIy,3,2) states remain pure II states, the transition designated P2 is expected to be a pure parallel transition. Thus, P2 is the only transition that is consistent with the polarization data and represents the extra absorption associated with the peak at -2 ps in the absorption recovery data. Strictly speaking the I; g-u symmetry is broken inside the cluster. As a result, all of the Q=i states undergo spin-orbit mixing, adding additional terms to the transition dipole moment integrals. The removal of the 11 inversion symmetry requires us to also consider the P4 and Ps transitions indicated in Fig. 11 in addition to those already discussed. However, all of the case (a) terms that could give rise to parallel components are of the form (2r13/2 1~ I 2111,2) and, hence, are equal to zero. Therefore, in the absence of the It inversion symmetry the P, , P3, P4, and Ps transitions are all still expected to have transition dipoles perpendicular to the 1, internuclear axis.
